Abstract: Production of α-amylase under solid-state fermentation by Bacillus brevis MTCC 7521 has been investigated using cassava bagasse as the substrate, one of the major solid wastes released during extraction of starch from cassava (Manihot esculenta). Response surface methodology was used to evaluate the effect of the main variables, i.e. incubation period (36 h), moisture holding capacity (60%), pH (7.0) and temperature (60 • C) on enzyme production by applying a full factorial central composite design. The maximum hydrolysis of soluble starch (85%) and cassava starch (75%) was obtained with the application of 4 mL (≈ 14,752 units) of B. brevis crude enzyme after 5 h of incubation.
Introduction
The occurrence of thermostable amylolytic microorganisms from the environment, particularly from soil, has been discussed in several research papers (Adebiyi & Akinyanju 1998; Abdel-Fattah 2002 ) and reviews (Vieille & Zeikus 2001; Gupta et al. 2003; Haki & Rakshit 2003) . Thermostable enzymes are most widely exploited and are of considerable commercial interest in several industries, such as starch processing, leather, food, paper, textile, detergents, drugs and toxic waste removal (Pandey et al. 2000a; Tonkova, 2006) . Of the vast pool of thermostable starch processing enzymes that are produced on an industrial scale, thermostable α-amylase (EC 3.2.1.1) ranks first in terms of commercial exploitation (Pandey et al. 2000a; Gupta et al. 2003) .
Although the bulk of industrial enzymes are produced in submerged fermentation (SmF), solid-state fermentation (SSF) constitutes an interesting alternative since the metabolites so produced are concentrated and purification procedures are less costly (Nigam & Singh 1995; Pandey et al. 2000b; Mohanty et al. 2009 ). SSF has numerous advantages over SmF because of the simple technique, lower levels of catabolite repression and end-product inhibition, better product recovery and low waste water output.
Cassava (Manihot esculenta Crantz) is a starchy tropical root crop having 20-30% extractable starch. In the manufacture of starch from cassava, four types of wastes are produced: outer skins, inner rinds, waste water and bagasse (Ray et al. 2008b ). The outer skin, inner rinds and waste water are used for the production of biogas, single-cell proteins and yeast single-cell proteins, respectively (Sriroth et al. 2000) . The cassava bagasse that constitutes about 15-20% by weight of the processed cassava chips/roots is retained on sieves during the rasping process. It contains about 55-65% starch (on dry weight basis) (Sriroth et al. 2000) ; however, because of the difficulty in the disposal of solid residues it leads to serious environmental problems. The cassava bagasse has been successfully put to use under SSF for various end products, such as animal feed after enriching the protein content using fungi (Ray et al. 2006) , enzymes (Pandey et al. 2000a) , organic acid (Jyothi et al. 2005) , ethanol (Ray et al. 2008b), etc. Response surface methodology (RSM) is an experimental strategy for seeking the optimum conditions for a multivariate system and is used for optimization of process parameters (He et al. 2004 ). This experimental methodology consists of a group of mathematical and statistical procedures that can be used to study relationship between one or more responses and a number of independent variables. RSM has already been successfully applied for optimization of media and culture conditions in many cultivation processes for production of primary and secondary metabolites (Boyaci 2005) , amino acid (Xiong et al. 2005) , ethanol (Carvalho et al. 2003 ) and enzymes .
In our earlier study (Ray et al. 2008a) , the bacterial strain Bacillus brevis MTCC 7521 isolated from a brick kiln soil was shown to produce high amount of α-amylase in SmF (incubation period 36 h, pH 6.0 and • C), the molecular mass of the enzyme being estimated to be 205 kDa. The purpose of the present investigation was to study the α-amylase production by B. brevis MTCC 7521 in SSF using cassava bagasse as the substrate and optimization of the fermentation parameters, such as incubation period, moisture holding capacity (MHC), pH and temperature by applying RSM.
Material and methods

Source of strain
The B. brevis MTCC 7521 isolated from a brick kiln soil (Ray et al. 2008a ) was used as the biological material and maintained at 4
• C in soluble starch-beef extract (soluble starch, 1%; beef extract, 1%; MgSO4, 0.05%; CaCl2, 0.05%; agar, 2%; pH adjusted to 7.0) agar slants.
Cassava bagasse
Cassava bagasse (g/100 g dry residue): moisture, 11.2; starch, 63.0; crude fibre, 10.8; crude protein, 0.9 and total ash, 1.2 (Ray et al. 2008b) , was used as solid substrate (support and nutrient source) for SSF. Cassava bagasse was collected during the starch extraction from cassava using the mobile starch extraction plant, developed by Central Tuber Crops Research Institute, Thiruvanathapuram, India (Edison et al. 2006) . Because of its high water and starch content, the residues were de-watered, sun-dried for 6-8 days and then oven-dried at 80
• C for 24 h to prevent microbial deterioration. The dried cassava bagasse was stored in airtight container until required.
Optimization of fermentation parameters by applying RSM RSM was carried out to maximize α-amylase production using statistical software package Design Export 7.0 (StatEase, Inc., Minneapolis, USA). A prior knowledge and understanding of the process and the process variables (parameters) under investigation are necessary for achieving a more realistic model. The first step in this study was the identification of variables likely to be effective on the response (enzyme production). From our previous study in SmF, incubation period (36 h), pH (6.0) and temperature (50 • C) were found to be optimum for the α-amylase production by B. brevis (Ray et al. 2008a) . Screening experiments were, therefore, performed to confirm the optimization level by taking incubation period (12-60 h), MHC (40-80%), pH (5.0-9.0) and temperature (40-80
To explore the effects of variables (incubation period, MHC, pH and temperature) on the response in the region of investigation, a central composite design (CCD) with these variables at five levels (Table 1) Table 2 . α-Values are hypothetical values measured in terms of coded factor levels which represented the distance how far out [(-α from −1) and (+ α from +1)] the star points will be placed in CCD (Design Export 7.1 software package). 
Statistical analysis and modeling
The data obtained from RSM on α-amylase production was subjected to the analysis of variance (ANOVA). The quadratic models for predicting the optimal points were expressed according to the quadratic equation:
where Y was the response variable, β0 was the intercept; β1, β2, β3 and β4 were linear coefficients; β11, β22, β33 and β44 were squared coefficients; β12, β13, β14, β23, β24 and β34 were interaction coefficient; and
, AB, AC, AD, BC, BD and CD were level of independent variables. The significance of the quadratic model equation was expressed by the coefficient of determination (R 2 ) and its statistical significance was checked by Fischer's test value (F-value). The optimization process searches for a combination of factor levels that simultaneously satisfy the requirements placed (i.e. optimization criteria) on each one of the responses and process factors. Numerical and graphical optimization methods were used in this work by selecting the desired goals for each factor and response was used in this investigation.
Effect of incubation period on α-amylase production
The inoculum preparation was carried out in soluble starchbeef extract liquid medium by transferring a loop full of organism from stock culture and incubating at 60
• C and 120 rpm for 24 h in an orbital incubator shaker (Remi Pvt. Ltd., Bombay, India).
Twenty gram substrate (cassava bagasse) taken in Roux bottles (132 × 275 mm), was moistened with distilled water (27 mL) containing 1% beef extract (as nitrogen source) to provide 60% MHC and mixed thoroughly. The initial pH of the substrate was adjusted to 7.0 by using 0.1 N NaOH. The bottles were autoclaved at 15 lb pressure for 30 min and then cooled at room temperature, 30 ± 2 • C and were inoculated with 10% (w/v) inoculum (determined by pre-experiments). The inoculated substrates were incubated at 60
• C for 60 h in an incubator. The contents in the bottle were periodically mixed by gentle tapping. At interval of 12 h, the bottles (n = 3) were taken out and the enzyme was extracted with 25 mL of distilled water (1:2, cassava bagasse to water ratio) and squeezed through a wet cheese cloth. The pooled enzyme extract was centrifuged at 8,000 rpm for 20 min in refrigerated centrifuge (Remi Pvt. Ltd., Bombay, India) and the clear supernatant was used for enzyme assay.
Effect of MHC and initial medium pH and temperature
The influence of MHC, initial medium pH and temperature on enzyme titre were evaluated by varying the moisture content of the substrate from 40 to 80% MHC, initial medium pHs adjusted to 5.0-9.0 by using 0.1 N HCl or NaOH and different incubation temperature from 40 to 80
• C. The samples (n = 3) were incubated for 36 h at 60
α-Amylase assay
The α-amylase assay was based on the reduction in the blue colour intensity resulting from enzymatic hydrolysis of starch and the formation of starch-iodine complex . The reaction mixture consisted of 0.2 mL enzyme (cell free supernatant), 0.25 mL of 0.1% starch solution and 0.5 mL of phosphate buffer (0.1 M, pH 7.0) incubated at 60
• C for 10 min. The reaction was stopped by adding 0.25 mL of 0.1 N HCl and the color was developed by adding 0.25 mL of I/KI solution (2% KI in 0.2% I). The absorbance of the blue color solution was determined using a UV-VIS Spectrophotometer (Model nN. CE 7250, Cecil Instrument, UK) at 690 nm. One unit of enzyme activity was defined as the quantity of enzyme that caused 0.01% reduction of blue color intensity of starch iodine solution at 60
• C in 1 min per mL. In SSF, the units of enzyme activity were calculated as units per gram of dry substrate. Application A 2% (w/v) of soluble starch and cassava starch were incubated at 60
• C with 2-5 mL (7,376-18,440 units) of B. brevis crude enzyme obtained through SSF (60 • C) using cassava bagasse. The degradation of starch was evaluated at 1 h interval up to 5 h.
Results and discussion
Bacillus spp. are considered to be the most important sources of α-amylase and have been used for enzyme production using SSF (Pandey et al. 2000a ). Among the Bacillus spp., Bacillus subtilis, B. stearothermophilus, B. licheniformis, B. amyloliquefaciens and B. brevis have been known to be good producers of α-amylase and these organisms have been widely used for commercial production for various applications (Tonkova 2006) . In recent years, the application of agro-industrial residues (i.e. wheat bran, cassava bagasse, sugar cane bagasse, sugar beet pulp, apple pomace, etc.) provide alternative ways to replace refined and costly raw materials and use of such materials will help to solve many environmental hazards (John et al. 2006) . Several processes have been developed that utilize these as raw materials for production of value added products such as ethanol, enzymes, organic acids, etc. (Pandey et al. 2000b ).
Optimization of fermentation parameters by applying RSM Effect of four independent variables (incubation period, MHC, pH and temperature) on enzyme production by B. brevis MTCC 7521 are presented in Table 2 along with predicted and observed response. Regression model for the α-amylase production was highly significant (p < 0.01) with a satisfactory value of determination of coefficient (R 2 = 0.9588) (Table 3) indicates that the four process parameters (incubation period, MHC, pH and temperature) all together would explain about 95.88% of the variability in the responses, whereas about 4.12% of the variability in the responses remain unexplained. An adequate precision of 15.442 for α-amylase production was recorded. Adequate precision is a kind of signal to noise ratio that measures the ratio of the range of variation in the predicted response, which estimates the standard error of the predictions. Ratios greater than 4 indicate adequate model discrimination (Design Export 7.1 software package). The predicted R 2 of 0.7651 was in reasonable agreement with adjusted R 2 of 0.9204. Hence, ANOVA result showed that this model was appropriate and a good agreement between the experimental and predicted value for the α-amylase production was observed. Further, a high similarity was observed between the predicted and experimental results (Fig. 1) , which reflected the accuracy and applicability of RSM to optimize the process for enzyme production. The model F-value of 24.95 and values of p > F(< 0.05) indicated that the model terms were significant. For the α-amylase production, B, C, D, A 2 , B 2 , C 2 and D 2 were significant model terms.
Response surface was generated by plotting the response on the z-axis against any two independent variables while keeping the other two variables at their zero level. Therefore, six response surfaces were obtained by considering all the possible combinations. Fig. 2A depicts three-dimensional diagram and a contour plot of calculated response surface from the interaction between incubation period and MHC while keeping the other variables (pH and temperature) at '0' level. A linear increase in the α-amylase production was observed when incubation period and MHC was increased up to 36 h and 60%, respectively, and thereafter, it declined. When the pH was increased from 5.0 to 7.0, a linear increase in α-amylase production was recorded up to 36 h and declined thereafter (Fig. 2B ). At '0' level of MHC and pH the response between incubation period and temperature indicated that higher temperature (60 • C) was optimum with 36 h incubation period for the highest α-amylase production (Fig. 2C) . The response between MHC and pH indicated that pH 7.0 was optimum with 60% MHC (Fig. 2D) . The response surface was mainly used to find out the optima of the variables for which the response was maximized. An interaction between remaining two parameters (MHC and temperature) (Fig. 2E) suggested a little difference with the earlier responses. Figure 2F represents the threedimensional diagram and contour plots of calculated response surface from the interaction between pH and temperature.
Thus, the optimum level of incubation period (36 h), MHC (60%), pH (7.0) and temperature (60 • C) were chosen to achieve maximum α-amylase production. The decrease in enzyme yield beyond and above optimum conditions could be due to loss of moisture with prolonged incubation period, lower oxygen transfer, pore aeration and adsorption of enzyme to the substrate particles (Pandey et al. 2000b; Ray et al. 2006) . However, the optimum incubation period of the most bacterial α-amylases in SSF vary from 24-72 h, depending on the environmental condition (Sivarmakrishnan et al. 2006) . For Bacillus spp., the optimum range of incubation period for the α-amylase production in SSF was reported to be 48-72 h (Anto et al. 2006; Gangadharan et al. 2006) . The requirement of less fermentation time for production of α-amylase by B. brevis in the present study leads to considerable reduction in the capital and recurring expenditure. Likewise, optimum moisture level of 55-60% was suitable for the α-amylase production in SSF for various Bacillus spp., i.e. B. licheniformis and B. coagulans (Pandey et al. 2000a,b) . Similarly, pH and temperature play important role in morphological changes in the organism and in enzyme production. Haq et al. (2002) and Soni et al. (2003) reported that the optimum pH of 7.5 and 6.5 was best for production of α-amylase by B. subtilis and Bacillus sp. AS-1, respectively. Likewise, the optimum temperature for the α-amylase production by B. cereus MTCC 1305 and B. amyloliquefacians in SSF was found at 55 and 37
• C, respectively (Anto et al. 2006; Gangadharan et al. 2006) . These findings slightly vary from the results obtained with SmF in which the optimum pH (6.0) and temperature (50 • C) were found as optimal for the highest (4,550 units) α-amylase production (Ray et al. 2008a) . These variations between two forms of fermentation were because of cultural conditions.
Optimization To find out the optimum level of process parameters for maximizing the response, the criteria were set, as given in Table 4 . The optimization criteria were used to get maximum yield of α-amylase by minimizing incubation period (36 h) and maximizing pH (7.0), temperature (60 
Testing of model adequacy
Usually it is necessary to check the fitted model to ensure that it provides an adequate approximation to the real system. Unless the model shows an adequate fit, processing with investigation and optimization of the fitted response surface likely gives poor or misleading results. By constructing a normal probability plot of the residuals, a check was made for the normality assump- tion, as given in Figure 3 . The normality assumption was satisfied as the residuals are approximated along a straight line. The plot of studentized residuals versus the run order was tested and the residuals scattered randomly on the display, suggesting that the variance of the original observations was constant for all values of response.
Practical verification of theoretical results
In order to support the optimized data as given by statistical modeling under optimized condition, the confirmatory experiments were conducted with the parameters as suggested by the model (incubation period, 36 h; MHC, 60%; pH, 7.0 and temperature, 60
• C). The optimized process condition yielded the α-amylase production (4,667 units) which was closer to the predicted α-amylase production (4,568.6 units) at the same optimal point.
Application
The rate of hydrolysis of 2% (w/v) soluble starch and cassava starch by B. brevis α-amylase at 60
• C is shown in Figure 4 . There was a gradual hydrolysis of starches with increase in incubation period from 1 to 5 h and the rate of hydrolysis also increased with the increase in en- zyme concentration. With application of 4 mL (≈14,752 units) crude enzyme there was 85 and 75% hydrolysis of soluble starch and cassava starch, respectively. The results obtained in the present study indicated that B. brevis MTCC 7521 is a potential bacterial strain for using cassava bagasse as a substrate for α-amylase production in SSF. RSM allowed optimization of cultural parameters such as incubation period (36 h), MHC (60%), pH (7.0) and temperature (60 • C) for attaining high yields of α-amylase. Further, using cassava bagasse as the substrate for the α-amylase production has dual advantages: (i) cheaper enzyme production cost in comparison to refined substrate such as starch; and (ii) an appropriate technology for value addition of agro-waste and environment waste management.
